In the last several decades, extended dry periods have affected the Mediterranean area with dramatic impacts on water resources. Climate models are predicting further warming, with negative effects on water availability. The authors
Introduction
Over the past several decades extended dry periods have affected the Mediterranean regions with notable effects on agriculture and water resources (Piervitali et al. 1999; Brunetti et al. 2001 Brunetti et al. , 2002 Dai et al. 2004; García-Ruiz et al. 2011; López-Moreno et al. 2011; VicenteSerrano et al. 2011; Altın and Barak 2014) , and future drier trends have been predicted by climate models over the Mediterranean basin (May 2008; Mariotti et al. 2008; Ozturk et al. 2015) .
Significant negative trends have been detected for river flow time series over many Mediterranean regions, including the Iberian Peninsula (López-Moreno et al. 2008; García-Ruiz et al. 2011; Lorenzo-Lacruz et al. 2012; Martínez-Fernández et al. 2013) , the Italian Tiber River (Romano et al. 2011) , and areas of France (Lespinas et al. 2010) . Lorenzo-Lacruz et al. (2012) highlighted significant negative trends for discharges in winter and spring mainly, for almost all of the examined Iberian rivers. The position of the island of Sardinia, in the center of the western Mediterranean basin, with its low level of both urbanization and human activity help make Sardinia an excellent reference laboratory of Mediterranean ecosystem studies and provides a general lens on the recent negative trends detected in Mediterranean areas.
In the Flumendosa basin, a key basin of the Sardinian water resources system, the average annual runoff in the latter part of the twentieth century was less than 65% of the historic average value ( . This strong runoff reduction dramatically impacted agricultural water use and even the domestic water use (Statzu and Strazzera 2009) , since the reservoir system of the Flumendosa River supplies the water needs of much of southern Sardinia, including the island's largest city, Cagliari (about 450 000 inhabitants in the metropolitan area).
The reduction in annual precipitation of the Flumendosa basin ( Fig. 1b ; a decrease on average of 16% in the last 33 years) has not been as drastic as with the discharge, suggesting a high precipitation elasticity of streamflow [« p 5 (dQ/Q)/(dP/P), where Q is runoff and P is precipitation], which is an indicator often considered when evaluating the impact of climate change on runoff (Schaake and Chunzhen 1989; Sankarasubramanian et al. 2001) .
A framework for evaluating the relation between changes of annual precipitation and runoff was well defined by Roderick and Farquhar (2011) and, more recently, Zhou et al. (2016) , who build on the runoff climate elasticity concept and the Budyko functions (Choudhury 1999) to derive the change of the mean annual runoff Q Y due to the changes in climate (annual precipitation P Y and potential evaporation E p ) and catchment properties c using a first-order Taylor approximation of the total differential:
where the partial derivatives represent the sensitivity of runoff to precipitation, to potential evapotranspiration, and to the changes in the basin as result of human activities. In the Flumendosa basin, the influence of E p on runoff is negligible as the changes in air temperature (which is a key term of E p ; e.g., Maidment 1993 ) have been much less severe than the changes in rainfall, and the changes of basin characteristics are negligible, leaving the changes of precipitation as the dominant driver. The errors in the use of (1) may be significant, such as evaluated by Yang et al. (2014) through a comparison of (1) with the complete Taylor expansion for 207 catchments in China over the period from 1961 to 2010 considering only the sensitivity to E p and P Y . In Mediterranean climates, which are characterized by strong seasonality with cool, wet winters and hot, dry summers (Barry and Chorley 1992; Lionello et al. 2006 ), the first-order Taylor approximation may be even more problematic. In Mediterranean climates, the seasonality of the precipitation needs to be considered. During the rainy seasons E p is low and during the dry season it is high, such that rain is out of phase with E p , and runoff is mainly driven by the fraction of precipitation received during the rainy season. Therefore, seasonal shifts in rainfall impact the runoff (e.g., with a shift of rain from winter to spring, runoff will decrease because of higher E p ). Here we evaluate the role of precipitation seasonality and the impact of the seasonality precipitation change on the runoff through the use of a seasonality index (Markham 1970) , which provides a measure of both the disbalance of precipitation across the seasons and the period where the precipitation is most strongly concentrated.
The seasonal structure of precipitation and its interannual variability are key points for the Mediterranean water resources system sustainability, as wet months are needed to provide reserves for the subsequent dry seasons (e.g., Montaldo et al. 2008) . The surface runoff plays a central role in water resources planning systems for these water-limited regions ). In the Mediterranean basin, this strong seasonality is mainly controlled by atmospheric circulation patterns, FIG. 1. Time series of the yearly totals at basin scale of (a) runoff Q Y and (b) rainfall P Y . For each plot the red line represents the slope of the temporal trend estimated with the nonparametric TSA. Fig(s) . 1 live 4/C most notably a strong subtropical high pressure cell that persists in the summer months, and its persistence is essential for future water resources sustainability, while the cold/wet season is affected by the arrival of midlatitude westerlies (Rojas et al. 2013) . In addition to the areas in and surrounding the Mediterranean Sea, this type of climate prevails in parts of western North America, South America, Western and South Australia, and sub-Saharan Africa (Doblas-Miranda et al. 2015) , further increasing the importance and generality of this study. Delitala et al. (2000) and Dunkeloh and Jacobeit (2003) observed a drastic reduction of winter and spring precipitation in Sardinia and Mediterranean regions due to circulation pattern changes over time. Much effort has been focused on the relationship between winter precipitation and large-scale pressure indices for the Mediterranean regions (Osborn et al. 1999; Trigo et al. 2000; Brunetti et al. 2001; Trigo and Palutikof 2001; Brunetti et al. 2002; Dunkeloh and Jacobeit 2003; López-Moreno et al. 2011; Rojas et al. 2013) , with a picture emerging (Lionello et al. 2006 ) that ties winter precipitation dynamics to the winter North Atlantic Oscillation (NAO) index dynamics in the Mediterranean basin. The NAO is defined as the normalized pressure difference between a station in the Azores and one in Iceland (Hurrell 1995) . The NAO affects the orientation of the air flow, thus exerting a control on the branch of storm tracks affecting the Mediterranean area. Hurrell (1995) demonstrated a clear connection between the persistent positive phase of the NAO and precipitation reduction in the Mediterranean area as storm tracks and moisture transport from the Atlantic are directed more toward northern Europe, with a corresponding reduction of the total moisture transport over the Mediterranean area.
The position of Sardinia in the center of the western Mediterranean provides a useful test on the influence of the NAO on the Mediterranean climate regime. The Sardinian climate is connected to large-scale circulation structures, especially westward by the North Atlantic (Delitala et al. 2000) . This underlies the results of Delitala et al. (2000) , who found a Pearson correlation coefficient of 20.5 (p , 0.001) between an index of the NAO and precipitation anomalies in the months of October-April (1946-93) . Delitala et al. (2000) , however, did not investigate the impact of this relationship on trends in precipitation and their consequence on runoff. Here we investigate the connections of winter precipitation and runoff with the major circulation indexes (e.g., NAO) for evaluating the role of the atmospheric circulation patterns on the recent dry periods in the Sardinian basin.
The Flumendosa basin is well suited to this analysis thanks to low human activities (only 0.8% of the territory is urbanized) and the large hydrological database (1922-2007 period) . Specifically, we address the objectives of 1) investigating the role of the precipitation seasonality on runoff of the Flumendosa basin, 2) unraveling the influence of the NAO on precipitation and runoff changes over the instrumented period, and 3) investigating the potential implications of climate change effects on hydrological planning and designs, both under the water resources planning perspectives (Chiew et al. 2011 ).
Data and methods

a. The Flumendosa basin
The Flumendosa basin is located in central-eastern Sardinia, and Flumendosa is the second-longest river of the region with a length of 127 km. The northern part of the basin is mountainous with steep hillslopes and higher rainfall compared to the southern part. Fig. 2 ). The two reservoirs are interconnected with an underground conduit to increase the collection of the runoff coming from the Nuraghe Arrubiu dam basin, which is much larger than the Mulargia basin (170 km 2 ), so that total capacity of the reservoir systems is 620 3 10 6 m 3 , one of the highest reservoir capacities in Europe. Because of its key role in the Sardinian water resources system, the Flumendosa basin became an experimental basin of the University of Cagliari (Detto et al. 2006; Montaldo et al. 2008 Montaldo et al. , 2013 , resulting in an extensive hydrological database.
The climate regime is typically Mediterranean. The mean annual precipitation ) is 819 mm with strong seasonality and interannual variability: the mean historical monthly precipitation ranges from 9 mm in July to 124 mm in December. The mean historical monthly temperature ranges from a minimum of 7.18C in January to a maximum of 23.78C in July.
The soil thickness in the basin generally ranges from 5 to 80 cm with an average depth of ,50 cm; the soil texture is mainly silt loam soils in the valley with the mountainous part dominated by exposed rocks. The land use is also inhomogeneous with forested and natural areas predominant in the north, while in the south (downstream) agriculture practice activities and grazing areas are common due to thicker soils.
b. Methods
Daily precipitation data from 31 rain gauge stations in and surrounding the Flumendosa basin and monthly
runoff data at the basin outlet were collected for the period 1923 -2007 . Runoff has been monitored through a discharge gauge station of the Sardinian Regional Hydrographic Service. When the reservoirs started to operate (in 1960), the Ente Acque della Sardegna (ENAS) authority has estimated monthly runoff values through the reservoir water balance [properly calibrated and validated by ENAS and Cao et al. (1998) ]. Air temperature data of eight stations are available at the monthly scale ( Fig. 2 ), but only four stations are included in the study because only these stations exhibit continuous observations for a time period greater than 50 years. Statistics were computed and analyzed on the annual and monthly time series of precipitation, runoff, and temperature. Spatially mean rainfall data were estimated using the Thiessen method (Thiessen 1911) . Temporal trends were estimated using the nonparametric MannKendall (MK) test (Helsel and Hirsch 2002 AU2 ), which provides a t value that is a robust measure of the strength of the trend with values ranging from 21 (maximum decrease in time) to 11 (maximum increase in time) and also its significance level (details in appendix A). The Theil-Sen approach (TSA; appendix B; Theil 1950; Sen 1968 ), a common nonparametric method, is used for estimating the slope of the trend line.
We also used the nonparametric Pettitt's test (Pettitt 1979) , widely used in climatic records (Zhang and Lu 2009; Gao et al. 2011; Jaiswal et al. 2015) , for estimating potential changepoints of the annual runoff time series.
We use the monthly NAO index time series of Hurrell (1995) available from 1864 onward. For more regional indicators of pressure anomalies in the Mediterranean basin, two alternative forms of the Mediterranean Oscillation Index (MOI_1 and MOI_2) have been also collected from the Climatic Research Unit database: MOI_1 represents the normalized pressure difference between Algiers and Cairo while MOI_2 is between Israel and Gibraltar (Conte et al. 1989) .
Time series of the extended winter (DecemberMarch) average indices of the NAO and MOI were derived (NAO W , MOI1 W , and MOI2 W ). The correlation between winter values of the circulation indices and winter precipitation have been evaluated using the Pearson correlation coefficient, widely used for hydrologic studies (Dunkeloh and Jacobeit 2003; Brandimarte et al. 2011; López-Moreno et al. 2011) .
For evaluating the seasonality of rain time series, we use the seasonality index of Markham (1970) . In the Markham method (Markham 1970) monthly rainfall values are assembled as vector quantities, where the magnitude is the amount of rain in a month p m (where m 5 1, 2, . . . , 12 are the months of the year) and the direction corresponds to the month of the year expressed by the angle a m , measured clockwise from January (Dingman 2015) . The vector resultant over the year is a measure of rainfall seasonality, with the magnitude representing the degree of seasonality and the angle v pointing to the dominant rainfall period:
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For example, the climatological mean annual cycle of monthly rainfall and the resultant vector for the Flumendosa basin (1922-2007 period) are reported in magnitude of the resultant vector P r and the total annual precipitation P Y :
where
The values of the seasonality index are between 0 and 1. The maximum possible SI value would occur for a case where the total annual precipitation was concentrated in a single month. Note that the seasonality index for the climatological mean seasonal cycle of the Flumendosa basin is 0.34 (P r 5 279.21 mm and P Y 5 818.82 mm; Fig. 3 ). The recent precipitation decreases in this region may have important implications for water resources planning and design. For investigating the potential implications of the increase of dry periods, whose length is expected to further increase in the future in the Mediterranean area (Beniston et al. 2007 ), we make use of the drought severity index (DSI; Yievchev 1967
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; Dracup et al. 1980; Clausen and Pearson 1995) . Hydrological droughts are usually identified by monthly runoff Q M time series through the truncation level approach, which assumes that droughts are periods during which the discharges are lower than a threshold discharge Q 95 (Yievchev 1967; Dracup et al. 1980; Clausen et al. 1995; Mishra and Singh 2010; Wanders and Wada 2015) , which is the 95th percentile of historical runoff time series (1923 -2007 Zelenhasić and Salvai 1987; Chang and Stenson 1990) . In this way, the drought condition (Dc) is
The statistical properties of a drought are the duration, severity, and intensity (Yevjevich 1967; Mishra and Singh 2010) , which can be summarized by the DSI, which is the cumulated deficit of runoff below the fixed threshold discharge (Yievchev 1967; Dracup et al. 1980; Clausen and Pearson 1995) .
Results
a. Annual trends of hydrological time series
The Flumendosa basin runoff has decreased significantly ( Fig. 1) , with an MK t value of 20.25 (with p , 0.001) and a slope of the trend line, derived using the TSA (see appendix B) of 22.94 mm yr 21 ( T1 Table 1 ). Few hydrologic years were dry in the first five decades of the studied period, such as years in the 1924-40 period with a minimum runoff value of 198.6 mm, but the driest and longest dry conditions were in the last three decades, starting mainly from 1975 decades, starting mainly from . Indeed, 1975 was the first ''warning'' year for the Flumendosa water resources system management with runoff values lower than 173 mm, followed first by a decade of low runoff values (persistently below the 1923-74 average of 400 mm), and then by the driest last two decades characterized by 6 years with runoff , 100 mm (Fig. 1) . The year 1975 is TABLE 1. For seasonal and annual precipitation (P S and P Y , respectively) and runoff (Q S and Q Y , respectively), the MK t values (t P and t Q ) and the slopes estimated using the TSA (b P and b Q ), the precipitation elasticities to streamflow (« P and « Q AU9
), and the temporal mean (P and Q), and the ratios between total seasonal runoff and total yearly runoff (Q S /Q Y ), the ratios between seasonal rain and yearly rain (P S /P Y ), the ratios between b P and P, and the ratios between b Q and Q. confirmed statistically to be a changepoint of the runoff time series by the Pettitt's test widely used in climate records (Pettitt 1979; Zhang and Lu 2009; Gao et al. 2011; Jaiswal et al. 2015) . While two potential changepoints are estimated, the years 1986 and 1975, (with p , 0.001 for both years), we consider the year 1975 as a useful focal point for analysis as it divides the times series into two subperiods of near-identical lengths. Low runoff (the minimum amount ;33 mm; Fig. 1a ), reduced the water availability for domestic uses in the Sardinian capital of Cagliari, where in the 2002 summer water restrictions were initiated that reduced the domestic water supply to 6 h day
JFM
21
. Note that, unfortunately, runoff data are missing for the period 1940-48 because of the lack of the national Hydrographic Office during World War II.
The annual temperature trend is not statistically significant (MK t of 20.02, with p . 0.1), and recalling that the surface solar radiation trend is also not statistically significant during the period 1959-2013 over the south area of Italy (Manara et al. 2016) , low historical changes of E p (which is highly related to air temperature; e.g., Maidment 1993) can be deduced and, therefore, the weight of dE p on the runoff changes estimated with (1) Fig. 4 ). The last several decades have seen the lowest f Y values (mostly ,0.3) of the analyzed period, while the yearly precipitation values are not so extremely low in the same period.
We note a strong relationship between f Y and P Y for this case study ( 
wheref Y 1 is the value of f Y estimated using the annual total rainfall P Y and (6), and a 1 and b 1 are the regression coefficients (a 1 5 2349.8 mm and b 1 5 0.84). The value of the coefficient of determination R 2 is 0.5 while the rootmean-square error (RMSE) value is 0.09. A large scatter of f Y values about the regression line is observed for the full range of rainfall values (Fig. 5) , which we hypothesize is largely due to the variability of the precipitation during the year (i.e., interannual variability in seasonality).
In fact, the seasonal runoff coefficient (f S 5 Q S /P S , with Q S being the seasonal runoff and P S being the seasonal precipitation) shows a considerable variability ( F6 Fig. 6 ), with the highest values during winter (JanuaryMarch) when the E p is low, the soil moisture is naturally high, and the surface runoff process is enhanced. Instead, during summer and autumn (July-September and October-December, respectively) the values of f S are low due predominantly to the dry antecedent soil moisture conditions-owing both to lower seasonal rainfall inputs and higher E p .
The total annual runoff depends on how precipitation is distributed across the seasons: in the 1950/51 and 1936/37 hydrologic years the precipitation amounts were similar (1178 and 1140 mm, respectively) while f Y values were quite different (0.64 and 0.37, respectively). The reason was that the precipitation of the 1950/51 hydrologic year was mainly concentrated during the wet period (winter precipitation of 1037 mm) while the precipitation of the 1936/37 hydrologic year was more uniformly distributed during the year (e.g., the precipitation was of 537 mm in spring and summer).
The influence of the precipitation seasonality on the runoff coefficient is suggested by , where p M is the total monthly precipitation of a given year]. The relationship between Std(P M ) and f Y is estimated with an inverse relationship expressed as follows:
wheref Y 2 is the value of f Y estimated using Std(P M ) and (7), and a 2 and b 2 are the regression coefficients (a 2 5 214.81 mm and b 2 5 0.67). The value of R 2 is 0.52 while the RMSE value is 0.09. In years with high runoff coefficients, the monthly rain distribution tends to be less uniform and more concentrated in a small subset of months (i.e., high time variability, Fig. 7) . Hence, the precipitation seasonality may be an important term impacting the runoff coefficient dynamics.
b. Precipitation seasonality impact on runoff generation
The standard deviation of monthly precipitation is not enough for representing the precipitation seasonality because it does not distinguish between different types of seasonality, such as one concentrated during a several-month-long single rainy season versus alternating wet and dry months. It does not allow us to identify the period of the year with the highest precipitation; it just allows us to depict the rain uniformity during the year. The seasonality index of Markham (1970) is more useful for evaluating the precipitation seasonality, because it indicates both the degree of seasonal concentration and the period of the year with high rain. Therefore, SI seems attractive for evaluating the relationship between the precipitation seasonality and the runoff coefficient. We detect an interesting relationship ( 
with the a 3 , b 3 , and c 3 coefficients equal to 0.45, 0.5, and 20.27, respectively. Note that SI is strongly related to the rainfall seasonality, such as can be evinced, for instance, by its relationship with the day of the year when the 70% of the total yearly rain is reached P 70 , reaching a high correlation coefficient of 20.76 (scatterplot is inset in Fig. 8 changes in seasonality have a strong impact on yearly runoff. In the following we will investigate the persistence and trends of the seasonality changes.
c. Seasonal hydrological trends
Because of the high impact of the rainfall seasonality on the surface runoff, we investigate potential trends in the seasonality of precipitation. The preferential decrease of precipitation in the wet months of the Flumendosa basin is shown in F9   Fig. 9 . We compared the precipitation regimes from before and after 1975, which is the starting year of the long drought in the Flumendosa basin.
The decrease of the precipitation is relevant from October to March, while almost no effects were detected during spring and summer months (Fig. 9) . The reduction of the winter and autumn monthly precipitation even more drastically affected the surface runoff (Fig. 9 ) because of the strong precipitation elasticity of streamflow in this typical Mediterranean basin.
Winter precipitation strongly decreased (Table 1 ) with t of 20.21 (p 5 0.007) and a trend line slope (estimated using the TSA method) of 20.48 mm yr
21
. In the other seasons the decrease of precipitation is lower, even increasing slightly in spring and summer. Because of the impact of winter precipitation on runoff, the winter runoff also strongly decreased (t 5 20.23, p 5 0.0045, and a slope of 20.48 mm yr 21 , Table 1 ) but also the autumn and summer runoff trends decreased significantly (t 5 20.2 and 20.22, and trend slopes of 20.26 and 20.02, respectively), so that the runoff trend is negative for all the seasons.
Yearly runoff is decreasing at a faster rate than the yearly precipitation decrease (normalized slope of the runoff trend b Q Y /Q Y is 28.7& while that of the precipitation trend b P Y /P Y is 22.2&; Table 1 ). This is largely due to the high precipitation elasticity to streamflow. Also, we note that Q Y is produced mainly in winter (51%, Table 1 ) and autumn (26% , Table 1 ), during which the precipitation elasticity to streamflow is greater than 1, and b Q /Q is greater (in a negative sense) than b P /P (in winter almost double and in autumn more than double; Table 1 ). There is a notable weakening of the seasonal structure in precipitation here, which is marked by a reduction of precipitation in the seasons with a high runoff coefficient (autumn and winter) and a modest increase in precipitation during the dry seasons with a low runoff coefficient. The net effect is a magnification of the impacts on annual runoff.
The mean air temperature in the last three decades rose 0.058C decade 21 from June to September, while the changes are negligible during winter and spring.
d. Large-scale pressure impact on the hydrological trends
Because the winter precipitation is the key season for runoff in the Flumendosa basin and a strong decrease trend is observed in the last decades, we look for the causes of the decrease. In this way, we can identify likely physical controls that explain the winter precipitation decline, with the goal that future drops of runoff become potentially predictable. As a starting point (Hurrell and Table 2 ), confirming that the recent positive phase of NAO during winter (Hurrell 1995) produced drier climate conditions in the Mediterranean basin, and, hence, the rainfall decrease. The correlation coefficient between NAO W and the extended winter runoff Q W is also high (5 20.45 with R 2 5 0.2; Table 2 , Fig. 10b ). The connection of P W and Q W with large-scale pressure indices increases when the correlations with MOI_1 and MOI_2 are investigated due to the natural stronger connections of precipitation and runoff dynamics with local pressure oscillations (Table 2 ).
e. Implications for hydrological planning and design
The significant decreasing trends of rain and runoff may impact the hydrological design criteria for water resources planning. In this sense we investigate the impact of this historical climate change on the DSI for drought design and water resources planning (Yievchev 1967; Dracup et al. 1980; Clausen and Pearson 1995) .
We can anticipate an increase of drought intensity and frequency. Droughts are produced by extended periods, from seasons to years, of a deficiency in precipitation (Mishra and Singh 2010; Wanders and Wada 2015) . A frequency analysis of the DSI is provided using the Gumbel distribution (Zelenhasić and Salvai 1987) distinguishing the whole study period and the two subperiods (1924-74 and 1975-2007) , and for the return periods of 50, 100, 200, 300, and 500 years ( Fig. 11 ; statistics of the Kolmogorov-Smirnov and chi-squared tests for normality applied to the DSI time series are in T3   Table 3 ). DSI drastically increases ('65%) for all the return periods in the last three decades (Fig. 11) . Hence, based on the historical runoff data, droughts in the Flumendosa basin are increasing in severity, and this climate change effect must be significantly considered for water resources planning.
Conclusions
Through a detailed analysis of the hydrological processes in the Flumendosa basin, we explored the climate tendencies over this area, which could be considered the most important in Sardinia from the water resources management view point. Interestingly, the historical yearly runoff decrease has been more pronounced than the yearly precipitation decrease, highlighting a high elasticity of streamflow of 2. 18. Indeed, from 1975 a FIG. 9 . Seasonal regimes of (a) monthly rainfall P M , (b) runoff Q M , and (c) runoff coefficient f M for the three periods (1923-74, 1975-2007, and 1923-2007) .
sequence of dry periods has affected the Flumendosa basin with dramatic impact on agricultural water use and even domestic water use of the island's largest city, Cagliari. Unlike some other efforts (Roderick and Farquhar 2011; Zhou et al. 2016) , the changes of yearly runoff in the Flumendosa basin cannot be explained because of changes in climate through a first-order Taylor approximation alone, because of the importance of interannual variability in rainfall seasonality. The precipitation mainly decreased during the winter months when the wet soil humidity conditions and the atmospheric conditions (lower evaporative demand) generally produce high surface runoff. The role of seasonal precipitation on Flumendosa hydrology was revealed in this study through the analyses of the seasonality index of Markham (1970) and its relationship with the surface runoff. The seasonality is a key term for the surface runoff process, and the estimate of annual runoff amounts through a simple model improves when the precipitation seasonality effect is involved.
A significant negative correlation was found between winter precipitation and the NAO, when the NAO has a strong impact on Mediterranean climate. The high correlation value (5 20.5) is consistent with the Hurrell (1995) estimate (5 20.48) at Ajaccio in Corsica (northern Sardinia) and the Delitala et al. (2000) estimate (5 20.50 between the NAO and a Sardinian mean standardized anomaly precipitation index), while it slightly differs from the Brunetti et al. (2000) AU6 estimate of 20.37, but this was an average of stations on the two main Italian islands and considered only three Sardinian stations on the south and north Sardinian coast. However, the results confirm the sensitivity of this Mediterranean local area to global climate changes and that the Mediterranean climate is one of the ''hot spots'' of future climate change (Giorgi 2006; Diffenbaugh and Giorgi 2012) .
Considering the increase of the predictability of the winter NAO (Scaife et al. 2014; Smith et al. 2016) , there is the opportunity to predict future winter precipitation and runoff tendencies. The link between circulation patterns and precipitation during the winter period in the Mediterranean area has been predicted for the future by Beranová and Kyselý (2016) . The persistence of a positive NAO over the Mediterranean area is predicted for the future (Ulbrich and Christoph 1999; Pinto et al. 2007 ), which will potentially have a consequent decrease in winter precipitation and an increase of dryness in the Flumendosa basin, with dramatic effects on agriculture and water resources for the whole of southern Sardinia, such as shown in a smaller Sardinia basin by Piras et al. (2014) .
These results are currently affecting and will continue to affect the future hydrologic design from the water resources planning perspective. Using the DSI, we identified and characterized the hydrological droughts, estimating an increase of drought severity of about 65% over the last 30 years for the return periods of 50, 100, 200, 300, and 500 years, which may be further amplified FIG. 10 according to NAO future scenarios. Although the results are for a specific Mediterranean area, the results can be considered representative for all the Mediterranean regions. The importance of the results and the need to understand climate change effects on local hydrology is confirmed by the European Union Commission that called member states to develop drought risk management plans (European Commission 2007). Water scarcity and droughts have emerged as a major challenge, and climate change is expected to make matters worse all over the world. In this sense the European Commission specifies that, in a context where climate changes contribute to an increase in the likelihood and the adverse impacts of dry periods, high-quality knowledge and information on the extent of the challenge and projected trends need to be considered for water resources and planning activities and the development of drought risk management strategies. In this context, research, such as we have proposed, has a significant role in providing knowledge and support to policy making. 38301 and ECCS-1556900. Finally, we thank two anonymous reviewers for their useful comments and suggestions.
APPENDIX A
Mann-Kendall Test
Trend analysis is largely employed to understand the behavior of hydrological time series like rainfall and runoff. The nonparametric MK test is less sensitive to extremes than parametric trend detection tests and for this reason has been applied widely in hydrological studies (Helsel and Hirsch 2002) .
The value of t (Kendall 1938 (Kendall , 1975 , resulting from the application of the MK test, measures the relationship between two x and y series. The MK test is based on the statistic S, obtained by subtracting the number of discordant pairs M, from the number of (x,y) P pairs where y increases with increasing x:
The value of t is defined as
where m represents the number of data pairs, and t is a number falling between 21 and 11.
The significance of t is tested by comparing S to what would be expected when the null hypothesis is true: if it is further from 0 than expected, the null hypothesis is rejected.
When n . 10, the test statistic S is modified to follow a standard normal distribution. Parameter Z s is defined as FIG. 11 . Climate change implications for hydrologic design. DSI for the three periods (1923-74, 1975-2007, and 1923-2007) and for the return periods of 50, 100, 200, 300, and 500 years. TABLE 3. Results of the statistics tests (chi-squared and Kolmogorov-Smirnov tests) of the Gumbel distribution fitting to the DSI time series of the Flumendosa basin for the three considered periods (1923-2007, 1923-74, and 1975-2007 
The null hypothesis is rejected at significance level a if jZ s j . Z crit , where Z crit is the value of the standard normal distribution with a probability of exceedance of a/2: the values of x and/or y are tied and a correction on the s s must be applied. In the case where some values of x and/or y are tied, the formula for s s is corrected as follows (Helsel and Hirsch 2002) : 
where t i is the number of ties of extent i.
APPENDIX B
Theil-Sen Approach
The Theil-Sen method uses a linear model to estimate the slope of the trend (Theil 1950; Sen 1968 , and the variance of the residuals should be constant in time calculated as
where X j and X k are the data values at times j and k (j . 
The b sign reflects the data trend, while its value indicates the steepness of the trend.
The Theil-Sen method and the Mann-Kendall test are strongly connected; the b slope estimator is related to the Mann-Kendall t test statistic, such that if t , 0 then b # 0, and if t . 0, then b $ 0 because t is equivalent to the number of positive S [(A1)] minus the number of negative S, and b is the median of these S.
